Optical coherence tomography (OCT) angiography is a dye-free and non-invasive angiography which allows visualization of retinal and choroid vascular flow, enabling observation of highly permeable and three dimensional vasculature. Although OCT angiography is providing new insights in human retinal and choroidal diseases, a few studies have been reported in experimental mice. In this study, to determine the potential of OCT angiography in experimental mice, we sought to examine whether OCT angiography can detect vascular change in type I diabetic mice. To conduct age dependent analysis, 2 and 6 month old male type 1 diabetic Ins2
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Optical coherence tomography angiography Murine diabetic retinopathy A B S T R A C T Optical coherence tomography (OCT) angiography is a dye-free and non-invasive angiography which allows visualization of retinal and choroid vascular flow, enabling observation of highly permeable and three dimensional vasculature. Although OCT angiography is providing new insights in human retinal and choroidal diseases, a few studies have been reported in experimental mice. In this study, to determine the potential of OCT angiography in experimental mice, we sought to examine whether OCT angiography can detect vascular change in type I diabetic mice. To conduct age dependent analysis, 2 and 6 month old male type 1 diabetic Ins2
Akita/+ and age matched C57BL/6J mice were used. OCT angiography was performed by Heidelberg Spectralis OCT Angiography Module with 30°lens + mouse adapter lens. We acquired the OCT angiography image from the peripheral nasal position. For analysis of OCT angiography images, OCT angiography positive area were used for vascular density. We analyzed vascular density from the retinal surface (inner limiting membrane) to 120 μm depth with 4 μm steps in order to correlate vascular density vs depth (N = 4 per group). Vascular density of both mouse strains demonstrated three different peaks. By comparing with the OCT image, the first peak (superficial), second peak (intermediate) and third peak (deep) were located in nerve fiber layer/ganglion cell layer, inner plexiform layer/inner nuclear layer and outer plexiform layer/outer nuclear layer, respectively. We calculated vascular density of these peaks separately. In C57BL/6J mice, the vascular density in all three layers do not show significant difference between 2-and 6-month-old. On the other hand, 6-month-old Ins2
Akita/+ mice showed a significant decrease of the vascular density in all three layers compared to 2-month-old Ins2 Akita/+ mice. Also, the vascular density of 6-month-old Ins2 Akita/+ mice in the deep layer showed a significant decrease compared to 2-and 6-month-old C57BL/6J mice. Thus, OCT angiography successfully detects retinal vascular difference between type I diabetic mice and control mice, and age-dependent vasculature change in type I diabetic mice. The diabetic mice demonstrated reduced vascular density due to reduced density of flowing deep vessels. Importantly, we observed this difference without retinal blood leakage, hemorrhage or neovascularization. Our analysis (vascular density vs retinal depth) suggests that OCT angiography is useful for in vivo detection of retinal vasculature alteration in experimental mice.
Introduction
Optical coherence tomography (OCT) has become indispensable to the clinical practice of ophthalmology for various diseases such as agerelated macular degeneration, glaucoma and diabetic retinopathy Branchini et al., 2013; Kniggendorf et al., 2016; Manjunath et al., 2011; Thomas and Duguid, 2004; Van Melkebeke et al., 2018; Wang et al., 2016) . Precise structural observation of retina and choroid by OCT leads to accurate diagnosis of disease states. Historically, OCT was not able to assess flow or vascular status. To observe retinal/choroid vasculature, dye-based angiographies (fluorescein angiography (FA) and indocyanine green angiography) are primarily used. However, the dye-based angiographies are invasive and may cause some complications (Obana et al., 1994; Yannuzzi et al., 1986) . Also, two-dimensional imaging of dye-based angiographies can limit diagnosis of vascular conditions. Recently, OCT angiography has emerged as a non-invasive and dyefree angiography for observing retinal/choroid vasculature with flow (Fingler et al., 2009; Jia et al., 2012; Liu et al., 2012; Mariampillai et al., 2008; Wang et al., 2007) . In humans, the three dimensional angiogram can enable detailed retinal/choroid vasculature observation in various eye diseases. In age-related macular degeneration, choroid neovascularization and choriocapillaris loss, (some of which are difficult to observe by dye-based angiography due to high permeability), have been observed (Jia et al., 2015; Ma et al., 2017; Malamos et al., 2017) with OCT angiography. In glaucoma (Jia et al., 2014; Yarmohammadi et al., 2016) , and diabetic retinopathy Sambhav et al., 2017) , loss of perfused vessels and flow have been observed. Thus, OCT angiography can be considered as an ophthalmic diagnostic tool that complements conventional dye-based angiography.
Few OCT angiography studies on experimental mice have been reported (Alnawaiseh et al., 2016 (Alnawaiseh et al., , 2017 Giannakaki-Zimmermann et al., 2016) . In this study, we examine whether OCT angiography can detect retinal vasculature alteration in non-diabetic vs. diabetic mice. An important distinction of this study is the three-layer visualization utilized in imaging via OCT angiography and its importance to providing the distinction between diabetic and non-diabetic mice.
Material and methods
Mice
All animal experiments were conducted in accordance with the ARVO Declaration on Use of Animals in Research, and performed after approval by the University of Utah IACUC. Male C57BL/6J and male
Ins2
Akita/+ were purchased from Jackson Labs. Male mice were chosen since male Ins2 Akita/+ mice develop a more severe diabetic phenotype than females (Barber et al., 2005) .
Murine OCT angiography
Mice were anesthetized by 80 mg/kg ketamine (Zetamine, VetOne ® , Boise, Idaho) and 10 mg/kg xylazine (AnaSed ® LA, VetOne ® ). Pupils were dilated with 1% tropicamide (Alcon Laboratories, Inc., Fort Worth, Texas). To prevent corneal drying, we used a rigid contact lens (Cantor & Nissel Ltd, Brackly, Northamptonshire, United Kingdom) ( Fig. 1A ) with base optic zone radius (BOZR 1.70), diameter (DIAM 3.20) and power (PWR 0.00) which fits the mouse cornea (Fig. 1B) . During imaging and post imaging, the mouse were kept on water circulating heat pad (T/pump, Stryker, Kalamazoo, Michigan) to maintain body temperature. For OCT angiography, we used Heidelberg HRA + OCT with 30°lens and blue mouse adaptor lens (Heidelberg Engineering, Heidelberg, Germany). The software version 6.7 to 6.9 were used. The scan size is 10°× 10°. A-scan and B-scan are 768 and 512, respectively. We focused on retinal vasculature in the nasal position around 30°(one image) from optic nerve.
OCT angiography image analysis
Each OCT angiography image from inner limiting membrane (0 μm) to a depth of 120 μm was analyzed at 4 μm steps by Image J. Briefly, each image was binarized using the average intensity of the avascular image as a threshold. A single threshold was used for all analysis. The positive pixel number/total pixel ratio is designated as OCTA positive density. For the comparison, we used ANOVA and subsequent Student's t-test, with p < 0.05 being considered as significant. Error bar is standard deviation.
Results
Optimal conditions to acquire OCT angiography in mice
The fundus image quality directly affects OCT angiography image acquisition. Although various factors affect image quality, anesthesiainduced cataract is the most common. The focus to the retina is critical. We generally used 15-25D power of the Heidelberg Spectralis lens in this study to visualize retinal blood vessel in the infrared image as shown in Fig. 1C . Also, to get the appropriate focus, we used a 30°lens with blue mouse adaptor lens (Fig. 1D) . In most cases, a sharp infrared image reduces image duplication risk. Finally, Fig. 1E shows a mouse positioned for OCT angiography.
Data analysis of OCT angiography in mice
Upon OCT angiography in mouse, we found two challenges to proper data analysis. First, depending on the focus, we found the image to show duplicate vessels. Fig angiography image duplication. The vessel in the blue circle at 16.37D shows a single vessel ( Fig. 2A) . However, with increasing diopter (21.92 and 26.66D), the vessel in the blue circle starts to be duplicated in the image (Fig. 2B-C) . On the other hand, the vessel in the red circle at 16.37D shows duplication but with increasing diopters the image shows a single vessel ( Fig. 2A-C) . To avoid the image duplication, we determined the appropriate focus empirically. In most cases, a sharp infrared image reduces the image duplication risk but we were not able to avoid image duplication completely. Therefore, we removed duplicated images from our analysis manually. Another issue is that of mirror OCT angiography images at the avascular photoreceptor space ( Fig. 2D-E) . The mirror images were always observed at the outer segment of photoreceptor (around 200 μm depth from inner limiting membrane). Therefore, in this study we did not analyze OCT angiography images in the outer segment layer. Fig. 3 shows a representative OCT image and OCT angiography analysis. We measured vascular density from the inner limiting membrane (retinal surface) to 120 μm depth in 4 μm steps. As shown in Fig. 3 , mouse retinal vessels can be isolated into three layers in both non-diabetic C57BL/6J mice (Fig. 3A) and diabetic Ins2 Akita/+ mice (Fig. 3B ). This spatial separation of retinal vasculature by OCT angiography is superior aspect compared to fluorescein angiography (supplemental figure) . By comparison with OCT image, the superficial (first peak), intermediate (second peak) and deep (third peak) are located in nerve fiber layer/ganglion cell layer, inner plexiform layer/inner nuclear layer and outer plexiform layer/outer nuclear layer, respectively.
Vascular density of young and aged C57BL/6J mouse
To determine whether OCT angiography can detect alterations of retinal vasculature over time, we examined non-diabetic C57BL/6J mouse at 2 months old (young) and 6 months old (aged). Fig. 4A shows the representative OCT angiography image of superficial, intermediate and deep retina at 2 months old in C57BL/6J mouse. Fig. 4B shows vascular density from the inner limiting membrane to 120 μm depth. Fig. 5A -B shows the representative OCT angiography image and vascular density in 6-month-old C57BL/6J mice. There were no significant differences between 2 and 6 months in vascular density of C57BL/6J mice.
Vascular density of young and aged Ins2
Akita/+ mouse As in control C57BL/6J mice, we examined retinal vasculature in young and aged diabetic Ins2 Akita/+ mouse. 2-month-old Ins2
Akita/+ mouse showed the similar phenotype to C57BL/6J (Fig. 6A-B) . On the other hand, 6-month-old Ins2 Akita/+ mouse demonstrated a very different phenotype (Fig. 7A-B) , with reduced deep vascular density. These results indicate that OCT angiography can detect attenuation of flowing vasculature in aged diabetic Ins2 Akita/+ mouse.
Deep vasculature changes in aged Ins2
Akita/+ mouse Finally, OCT angiography positive densities in each group were compared (Fig. 8) . We separately calculated the vascular volume density in each layer. In the superficial layer, C57BL/6J showed 16.6 ± 5.6% (2-month-old) and 14.3 ± 5.6% (6-month-old) (not statistically significant), while Ins2
Akita/+ showed 23.1 ± 1.8% (2-month-old) and 14.3 ± 3.5% (6-month-old) (p < 0.01). In the intermediate layer, C57BL/6J showed 17.8 ± 5.1% (2-month-old) and 17.0 ± 3.8% (6-month-old) (not statistically significant), and Ins2
Akita/ + showed 22.9 ± 0.9% (2-months-old) and 13.9 ± 5.4% (6 monthsold) (p < 0.05). However, ANOVA for the four groups in the superficial and intermediate layer was not significant. In the deep layer, C57BL/6J showed 18.6 ± 5.7% (2-month-old) and 19.0 ± 1.8% (6-month-old) (not statistically significant), and Ins2 Akita/+ showed 17.3 ± 3.5% (2-month-old) and 7.9 ± 3.2% (6-month-old) (p < 0.01). Furthermore, the deep vascular density of 6-month-old Ins2 Akita/+ was lower than that of both C57BL/6J groups (ANOVA, p < 0.01; Student's t-test to other groups, p < 0.05). In an analysis of total retinal vascular density (0-120 μm), C57BL/6J showed 17.8 ± 4.1% (2-month-old) and 17.2 ± 2.0% (6-month-old), and Ins2 Akita/+ showed 20.6 ± 1.6% (2 month-old) and 10.7 ± 3.2% (6-month-old). 6-month-old Ins2 Akita/+ demonstrated a significant decrease of total vascular density (ANOVA, p < 0.01; Student's t-test to other groups, p < 0.05). 
Inner plexiform layer decrease in aged Ins2
Akita/+ mouse OCT angiography spatial analysis yields an interesting observation. Table 1 below shows the distance from retinal surface to the peak of each vasculature layer.
Since this analysis is in 4 μm steps, some standard deviations showed 0. Intermediate and deep layer depth from the surface in 6 months old Ins2
Akita/+ mouse decrease significantly compared to the other groups (both layers ANOVA p < 0.001). Also, we measured thickness of the corresponding layers from OCT images (Table 2) . Importantly, NFL/GCL/IPL separation in mouse retinal OCT is difficult since each boundary is often obscure. From these observations, the intermediate peak shift in aged Ins2
Akita/+ mouse suggests inner plexiform layer loss which is observed in human diabetic retinopathy (van Dijk et al., 2009 ). Thus, OCT angiography can be a useful method for detecting retinal vasculature and structure alteration in the mouse.
Discussion
The prevalence of diabetes mellitus continues to surge, with an estimated increase from 415 million people, 8.8% of the globe's population in 2015, to 642 million people, roughly 10.4% of the population in 2040 (Ogurtsova et al., 2017) . The pathogenesis of diabetes can lead to a variety of ocular complications, the most common and serious of these being diabetic retinopathy, which is identified in approximately one third of all diabetics. In the United States, 40% of people with type 2 diabetes, and 86% of those with type 1 diabetes have diabetic retinopathy (Cheung et al., 2010) . Early diagnosis of diabetic retinopathy can provide opportunities for earlier intervention that would hopefully prevent vision loss, structural or functional retinal impairment, and a chance to treat or reverse the systemic condition.
OCT angiography is not only a non-invasive method to visualize retinal vasculature but also enables us to analyze vascular density spatially. In this study, utilizing this benefit, we successfully detected age dependent alteration of retinal vasculature in the type 1 diabetic Ins2 akita/+ mouse. Generally, Ins2 akita/+ mice have elevated blood glucose level from 4.5 weeks of age (Barber et al., 2005) . The superficial and intermediate retinal vasculature trend towards a relatively higher density in Ins2 akita/+ than control mice (Fig. 8 ). This may indicate retinal blood flow changes as early as 2 months of age in Ins2 Akita/+ . At 6 months of age, Ins2 akita/+ mice show a significant decrease of deep retinal vasculature compared to the other groups (Fig. 8) . In a previous study, we found that 6-month-old Ins2 Akita/+ mice developed decreased retinal vascular density, pericyte loss and retinal blood leakage (Cahoon et al., 2015) . OCT angiography provides precise vascular density in each layer and is enough to detect diabetic retinopathy symptoms in mice. Previously, McLenachan S. et al. reported that the deep vascular layer increased in aged Ins2 akita/+ mice by FA (McLenachan et al., 2015) , which is different from our observations in our current study. We speculate this difference is due to the methodological difference between FA and OCT angiography. At first, OCT angiography has a superior spatial retinal vasculature observation than FA. In FA, the depth information of retinal vasculature is not available, in which the observers know where to scan subjectively by their experience and skill. In OCT angiography, the precise depth information allows us to Akita/+ mouse are similar phenotypes to human diabetic retinopathy Sambhav et al., 2017; van Dijk et al., 2009 ). There was a controversy whether Ins2 akita/+ mouse Through this study, we identified several technical difficulties of OCT angiography utilization in mice. First, cataract, which is induced by anesthesia and drying of the corneal surface, reduces quality of OCT angiography or even precludes OCT angiography. Body temperature control and contact lens reduce the risk of cataract development. Therefore, during OCT angiography we monitored infrared image quality to maintain OCT angiography quality. Second, we found OCT angiography image duplication occurs sometimes. Although we speculated the focus may affect image duplication, unfortunately we were not able to eliminate this problem. Since image duplication would cause overestimation of retinal vascular density, we removed duplicated images from our analysis manually. However, in order to keep quality and reproducibility of OCT angiography analysis in large data sets, automatic image control will be necessary. Third, the mirror image of retinal vasculature in the avascular photoreceptor layer was observed. In this study, since Ins2 akita/+ mice did not show neovascularization in avascular areas, therefore this artifact does not affect our observation. However, OCT angiography application to subretinal neovascularization needs careful consideration of this effect. Finally, mouse motion, especially heart beats, may affect OCT angiography image acquisition. Although Heidelberg image tracking system enable image acquisition with heart beats, fixing the position of the mouse head could avoid this problem.
In conclusion, OCT angiography successfully detects age-dependent retinal vasculature alterations in type 1 diabetic Ins2
Akita/+ mouse. Our results demonstrate that in vivo monitoring of retinal vasculature spatially by OCT angiography is useful for detection of retinal vasculatopathy. Although there are several difficulties of the application of OCT angiography to experimental mice, OCT angiography can provide precise observation of in vivo retinal vasculature. Future studies could include evaluation of other mouse strains, e.g., Akimba mice or JR5558 mice, which also express vascular anomalies with high permeability, or murine models of diabetes or macular degeneration after treatment.
Table 1
The distance from retinal surface to the peak of each vasculature layer.
Superficial Peak Intermediate Peak Deep Peak C57BL/6J, 2-month-old 10 ± 0 μm 54 ± 3.3 μm 86 ± 3.3 μm C57BL/6J, 6-month-old 10 ± 0 μm 5 4 ± 0 μm 8 6 ± 0 μm Ins2 Akita/+ , 2-month-old 10 ± 0 μm 52 ± 2.3 μm 83 ± 2.0 μm Ins2 Akita/+ , 6-month-old 10 ± 0 μm 45 ± 2.0 μm* 76 ± 4.0 μm* * indicates p < 0.01 compared to the other groups by two-tailed Student's ttest. Akita/+ , 6-month-old 53.6 ± 3.6 μm* 16.7 ± 3.8 μm 17.7 ± 1.0 μm * indicates p < 0.01 compared to the other groups by two-tailed Student's ttest.
